Structures, spectra, and electronic properties of halide-water pentamers and hexamers, X − ( H 2 O ) 5,6 ( X = F,Cl,Br,I ): Ab initio study J. Chem. Phys. 116, 5509 (2002) In spite of a spate of studies of various water clusters, a few theoretical studies on the water heptamer are available. State-of-the-art ab initio calculations are thus carried out on twelve possible water heptamer structures to explore the conformation as well as spectroscopic properties of this water cluster. Two three-dimensional cagelike structures comprised of seven-membered cyclic rings with three additional hydrogen bondings were found to be the lowest-lying energy heptamer conformers. The global minimum energy structure was found to be 0.5 kcal/mol lower than the other. The zero-point energy uncorrected and corrected binding energies of the global minimum energy structure are 55.2 and 37.9 kcal/mol, respectively. An almost two-dimensional ring conformer, which is only 1 kcal/mol above the global minimum at 0 K, could be more stable above 150 K. The vibrational spectra of different heptamer conformers are discussed and compared with the spectra of the hexamer and octamer water clusters.
I. INTRODUCTION
The structures and properties of molecular clusters have been an active area of research during the last few decades because of their importance in chemical, physical, and biological processes.
1 Among molecular clusters, the small water clusters have been one of the active research subjects for theory and experiment. The change of the structural and spectral properties of such clusters with increasing cluster size has been investigated through a number of studies. [3] [4] [5] [6] [7] [8] [9] [10] The structures of the small water clusters ͑from dimer to hexamer͒ have been reported using far-infrared laser vibration-rotation tunneling ͑VRT͒ spectroscopy by Saykally and collaborators. 4 Zwier and collaborators have studied the O-H vibrational spectra of water clusters ͑from monomer to octamer͒ bound to the benzene monomer. 5 Buck and collaborators 6, 7 have recently reported the vibrational spectra of water heptamer to dodecamer. In an attempt to predict the structural and electronic properties of the water clusters, a number of ab initio calculations have been made prior to the experimental work. 9, 11, 12, [15] [16] [17] [18] [19] [20] [21] [22] It is well known through both theoretical and experimental results that the water dimer is linearly hydrogen bonded. 2, 11, 12 The water trimer to pentamer are cyclic ring, and higher clusters strating from the water octamer are multiring type. 3, 4, 9 The structures of the water hexamer and heptamer are mostly multiring type. Their two-dimension-like structures, on the other hand, are nearly isoenergetic. The lowest energy structure of the water hexamer, at low temperatures, is now believed to be a three-dimensional cage from experimental and theoretical viewpoints. 4, 5, 9, 13, [15] [16] [17] [18] This has been evidenced by our recent extensive ab initio study, where we have further suggested the possibility of the existence of another low energy structure, open-book, at higher temperature. 20 Most of the works on the water clusters, until now, have concentrated on the monomer to hexamer and some even numbered higher clusters. 2, 9 The theoretical and experimental studies on the water heptamer are rare. In 1986, one of us ͑K.S.K.͒ reported four low-lying energy conformers 10 through Monte Carlo energy minimization using the twobody potential of Matsuoka, Clementi, and Yoshimine ͑MCY͒ 23 as well as the many-body potential of Clementi, Corongiu, and Detrich ͑CCD͒. 24 Jensen, Krishnan, and Burke have reported seven structures around the global minima, using Hartree-Fock ͑HF͒ level of theory.
Kryachko, 22 on the other hand, reported a new norboranetype of water heptamer structure as well as its spectra using similar calculations. In a recent communication, Brudermann et al. 7 have reported the experimental O-H stretching spectra of the water heptamer. They reported the calculated O-H frequencies as well, using modified empirical polarizable water potential ͑so-called EMP͒ 7 and ab initio methods with a suggestion that the spectra could be interpreted in terms of the structure that is originated from the water octamer cube by removal of one water molecule. The reported structures agree with our previously predicted two lowest-lying energy structures. 10 In an attempt to get a better insight into this interesting issue, we have made an extensive state-of-the-art ab initio study on various probable structures of the water heptamer. The present paper contains the structures, binding energies, and spectra of the low-lying energy conformers of this water cluster. Our results are in good correlation with experimental findings. 5, 6 II. CALCULATION METHOD Seven low energy conformers of the water heptamer were located initially within a range of ϳ2 kal/mol as cana͒ Author to whom all correspondence should be addressed; electronic mail: kim@postech.ac.kr didates for the global minima using Monte Carlo ͑MC͒ simulations. The MCY 23 and the transferrable intermolecular potential using four points ͑TIP4P͒ 25 water potentials were used for this purpose. Five other conformers ͑to be discussed in Sec. III͒ were added to this list and altogether twelve conformers ͑Fig. 1͒ were selected for extensive ab initio calculations. The structures were fully optimized at the level of Hartree-Fock ͑HF͒ as well as density functional theory ͑DFT͒ using the 6-311ϩϩG** basis set. For DFT calculations, we have used Becke's three-parameter exchange functional together with the correlation functionals of LeeYang-Parr ͑B3LYP͒. 26 Single point Møller-Plesset secondorder perturbation ͑MP2͒ calculations were further performed on the HF ͑MP2//HF͒ and B3LYP ͑MP2//B3LYP͒ predicted geometries. For more conclusive results, three selected low energy structures were further optimized at the MP2 level, using the triple zeta plus double polarization basis set with diffuse basis functions ͑MP2/TZ2Pϩϩ͒. 27 The energies were further modified using basis set superposition error correction ͑BSSEC͒ 28 and zero point energies. All calculations were performed with GAUSSIAN 94 29 and GAMESS 30 program suites.
III. RESULTS AND DISCUSSION

A. Structures and binding energies
Structurally the small water clusters could be classified into two broad catogories viz., two-dimensional ring and three-dimensional cage, prism, or cube. It is to be mentioned further that in the water clusters, there are four kind of water monomers viz., single proton donor-single acceptor ͑''da''͒, single donor-double acceptor ͑''daa''͒, double donor-single acceptor ͑''dda''͒, and double donor-single acceptor ͑''ddaa''͒. In the water hexamer case these types of water monomers were found to be related to the O-H spectra.
20 Figure 1 contains the optimized structures of twelve water heptamers together with four stable hexamer ͑cage, prism, book, ring͒ and two stable octamer clusters ͑D2d, S4͒. The structural parameters, rotational constants, and dipole moments of the low energy geometries of the heptamers are presented in Table I . The initial conformers of the water heptamer included the structures reported in previous works ͑conformers C, D, E, and F from Kim et al., 10 J from Jensen et al., 21 and K from Kryachko; 22 the numbering of the conformers has been kept unchanged with respect to the previous work 10 to avoid confusion͒. In addition, some other conformers were generated from previously studied water hexamer and octamer clusters through MC simulation using MCY and TIP4P analytical water potentials by inserting one water molecule into the water hexamer or removing one water molecule from the water octamer. The generated structures also include the previously reported structures. This approach, as a whole, gives some idea of how the heptamer is related in structure to the hexamer and octamer. We find that the C, D, E, and F structures would be generated from the cage and prism structures of the water hexamer by the addition of one water molecule. The other possible way to generate these structures is from the water octamer conformers. The D2d and S4 structures of the water octamer are iso-energetic global minima and they contain two kinds of water monomer, ''dda'' and ''aad.'' 19 The C and D structures could be obtained by the exclusion of ''dda'' and ''aad'' water molecules from the S4 water octamer, whereas the E and F structures could be obtained through the removal of ''dda'' and ''aad'' water molecules from the D2d water octamer. The G and H structures could be generated similarly from the S4 structure of the water octamer. The structures J and K were previously reported to be the minima of water heptamer by Jensen et al. 21 and Kryachko. 22 The twodimensional R7, R5, and R4 ring structures were generated FIG. 1. The optimized geometries of water heptamer ͑C-R7͒, hexamer ͑ring, book, cage, and prism͒, and octamer ͑D2d and S4͒ clusters. All the structures are in C 1 symmetry except D2d, S4, and ring (S 6 ). The sequential numbers in each figures denote the direction of the unidirectional H orientations to denote the n-membered unidirectionally H-oriented cyclic structure in n-membered water clusters.
from the ring and book water hexamer structures by the addition of one water molecule. The difference between the R5 and R4 conformers lies in the size of the unidirectional hydrogen bonded ring. The number of hydrogen bonds ͑HBs͒ in C, D, E, F, G, and J are ten, as compared to nine in H, I, and K, eight in R5 and R4 and, seven in R7.
The binding energies ͑BEs͒ of the twelve heptamers obtained with MCY and TIP4P potentials together with results of CCD potentials 10 are shown in Table II . These potentials predict that the C conformer is the lowest energy structure, whereas the ring conformers such as R5 and R4 are at least 2.5 kcal/mol higher in energy than the conformers having more HBs. Owing to the overstressing of the two-body interactions in these analytic water potentials, the low-lying energy structures tend to maximize the number of HBs.
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The zero-point energy ͑ZPE͒ uncorrected binding energies ͑BEs͒ without/with BSSEC (⌬E e N /⌬E e B ) obtained through HF, MP2//HF, B3LYP, and MP2//B3LYP calculations, indicate the lowest energy conformer to be C. This is followed by D, which is only 0.5 kcal/mol higher in energy. The HF and B3LYP BEs without BSSEC (⌬E e N ) further indicate that the R5 conformer is next to C and D conformers in energy. Similar calculations through MP2, MP2//HF, and MP2//B3LYP, predict this conformer to be H instead of R5. It has been shown earlier that HF and B3LYP methods usually fail to describe the strength of HB correctly 12 and to some extent underestimate the strength of such bonds, although the predicted structures from these methods are reasonable. Furthermore, the BEs without BSSEC tend to overestimate the HB strength and in spite of the fact that BEs with full BSSEC are accepted as more reliable, they tend to underestimate this bond strength. In our previous works, 20, 31 it has been shown that BEs with half BSSEC (⌬E e B/2 ) are often less dependent on basis set than those with full BSSEC (⌬E e B ) or without BSSEC (⌬E e N ). In particular, ⌬E e B/2 was noted to be nearly invariant to the basis sets larger than TZ2Pϩϩ for the water hexamer. 20 In addition, the relative energies of various conformers were consistent regardless of the degree of BSSEC. Thus, the results of BEs with 50% BSSEC correction would be used in further discussions, unless otherwise mentioned. In the heptamer case, we also stress that the relative energies of various conformers are found to be consistent regardless of the degree of BSSEC ͑as noted from Table II͒ . For all methods, the lowest energy conformer is C, followed by D ͑0.5 kcal/mol above C͒. The other conformers except R7 and K are within 2.5 kcal/mol with respect to this minimum energy conformer.
The ZPE correction is important to determine the stability of these conformers. It tends to increase with increasing the number of HBs. This could be seen from ⌬ZPE values. Using HF and B3LYP predicted harmonic vibrational frequencies, ⌬ZPEs of highly networked conformers C and D are about 1 kcal/mol more than the two-dimensional ring structures having less HBs viz., R5 and R4. In terms of ZPEcorrected BE (⌬E 0 ) at HF and B3LYP levels, the lowest energy conformer is R5 followed by R4 and C. Similar energy corrections at MP2//HF and MP2//B3LYP levels indicate the energy of the C conformer to be lower than R5 by about 0.9 kcal/mol. In order to obtain more conclusive results, we reoptimized the geometries of three representative conformers viz., C, D, and R5 at the MP2/TZ2Pϩϩ level. The ZPE-corrected binding energy (⌬E 0 ) difference between C and D at this level of optimization is 0.5 kcal/mol. The result is similar to MP2//B3LYP. The energy difference between C and R5 in this calculation is 1.1 kcal/mol. Thus C conformer should be considered as the lowest energy structure of the water heptamer.
In molecular beam experiment temperature (ϳ10 K͒, 4 the order of stabilities in terms of Gibbs free energy change (⌬G͒ is similar to ⌬E 0 at 0 K. With the rise of temperatures, as the conformers having a higher number of HBs become less stable, the entropic effect (⌬S͒ becomes more important.
In Table II , we have shown the ⌬G of the water heptamer structures at several temperatures using MP2//B3LYP energies and B3LYP predicted harmonic vibrational frequencies. At temperature below 100 K, the cage structures C and D are the most stable conformers. With the rise of temperature the two-dimensional ring structure ͑R5͒ slowly gets stabilization due to entropic effect and over 150 K this ring conformer ͑R5͒ becomes more stable than the cage structures ͑C and D͒.
From the low-lying energy conformers of C, D, and R5, one can find that these conformers have a seven-membered cyclic structure in which the HB orientations are unidirectional, as shown in Fig. 1 . This unidirectionality of ring is highly relevant to the stability of the water clusters and was discussed previously in connection with water hexamer structures. 20 Figure 1 shows the n-membered cyclic structure with unidirectional HBs for the water n-mer (nϭ6, 7, 8) . It is well known that for nϭ3, 4, and 5, the cyclic structure with unidirectional HBs are the most stable ones, and it should also be noted that lowest-lying energy conformers for nϭ9 and 10 reported by Buck and collaborators 6 have the nineand ten-membered cyclic structures with unidirectional HBs. Including the present heptamer case, we find that such unidirectional H-bonded n-membered cyclic structures are the most stable for 3рnр10. This would play an important role in generating small water cluster structures in experiments as linearlike n-mer could easily be transformed to an n-mer cyclic structure with appropriate additional HBs.
B. Harmonic vibrational frequencies
Depending upon the donor-acceptor properties, the different conformers of water heptamers could have the following types of water monomer. The conformers C, D, E, F, and G contain one ''da,'' three ''aad,'' and three ''dda'' types of water. The structures H and I are composed of three ''da,'' two ''aad,'' and two ''dda,'' whereas the J has two ''da,'' two ''aad,'' two ''dda,'' and one ''ddaa.'' The water monomers present in K are five ''da'' and two ''ddaa.'' The R5 and R4 structures have five ''da,'' one ''aad,'' and one ''dda'' and in R7 there are seven ''da'' water monomers. These water monomers give rise to varying O-H stretching a Refer to Fig. 1 for the definition of the structures. The energy term ⌬E e N and ⌬E e B are explicitly defined in the text. The energy values are in kcal/mol. All calculations used for the 6-311ϩϩG** basis set except for the MP2/TZ2Pϩϩ calculations. In calculating ⌬E 0 , the HF and MP2//HF used the HF ZPEs, while the B3LYP, MP2//B3LYP, and MP2/TZ2Pϩϩ used the B3LYP ZPE. b Reference 10. spectra. The B3LYP predicted O-H stretching harmonic vibrational frequencies of the lower-lying energy water heptamer clusters ͑C, D, R5͒ are shown in Table III and depicted in Fig. 2 . The spectra of the water hexamer 20 and octamer clusters 19 are also included for comparison. In water clusters, (H 2 O) n , each OH has n number of asymmetric ( 3 ) and symmetric ( 1 ) as 1 bands. In the case of the 3 band, the asymmmetric stretching frequencies of the double proton donor, i.e., ''dda'' or ''ddaa,'' are lower than those of single donors, ''da.'' On the other hand, the symmetric stretching frequencies of the double proton donors ͑''dda'' or ''ddaa''͒ in the 1 band are higher than those of single donors ͑''da'' and ''aad''͒.
The water hexamers, book, cage, and prism contain one, two, and three ''dda'' type water monomers, respectively. The corresponding modes of the 3 band are ''dda type'' having lower frequencies. In the 3 band, the frequency gap between double and single proton donors is 100-150 cm
Ϫ1
. The IR intensities of double proton donors are seen to be much stronger than single proton donors. Compared to the 3 band, the IR intensities of 1 bands are very strong, especially for the book. This could be due to the cooperative effect of unidirectional hydrogen bonding structure on a near plane. The strongest intensity in the book structure corresponds to the mode related to the six OH bonds on a partial hexagonal plane. The gaps between 1 and 3 for the book, cage, and prism structures are 141, 40, and 37 cm
, respectively. In cases of cage and prism, the spread of the 1 band becomes wider, and the distinction between the two bands becomes unclear because of the coexistences of a variety of HBs with ''dda'' and ''daa'' water monomers in the clusters. The O-H stretching frequencies in water hexamers could be classified according to the nature of water monomers. In the case of the cage structure, for example, the two higher frequencies belong to ''dda'' type followed by two frequencies of ''da'' type. The two other lower frequencies are due to ''daa'' type. The two higher frequencies in the prism structure belong to ''dda'' type, whereas the two lower frequencies are ''daa'' type. The remaining two high and low frequencies are a combination of ''dda'' and ''daa'' types. Such identification for the book structure is, of course, not clear.
There are only two kinds of water viz., ''dda'' and ''aad'' for the octamer D2d and S4 conformers. Thus, the spectra have very sharp peaks. The strong peak around 3300 cm Ϫ1 corresponds to the symmetric stretching mode of ''aad'' type monomers that makes unidirectional hydrogen bonded ring. The singlet peak around 3610 cm Ϫ1 and the doublet peak around 3690 cm Ϫ1 correspond to the symmetric and asymmetric stretching mode of ''aad'' type monomers, respectively.
The spectra of heptamer water clusters are more complicated than the octamer. This is because of the existence of a variety of the water monomers in this cluster. In the 3 band of C and D conformers of cage structure the four highest frequencies between 3870 and 3890 cm Ϫ1 correspond to free OH vibrational modes of single proton donors. The three lowest frequencies having strong IR intensities, on the other hand, correspond to the vibrational mode of proton double donors. In the 1 band, the order is changed. The O-H vibrations of ''dda'' type water monomers are between 3530 and 3670 cm Ϫ1 , whereas those of ''aad'' and ''da'' types are between 3100 and 3530 cm
. In comparison to water hexamer cage and prism structures, the vibrational frequencies of ''aad'' type are redshifted by about 50-90 cm
. In case of the two-dimensional ring structure R5, there is only one ''dda'' type water monomer. Thus, six vibrational modes of the 3 band belong to single donor type and the other ͑3694 cm Ϫ1 ͒ is ''dda'' type. The strongest intensity 1 band of R5 ͑3311 and 3354 cm Ϫ1 ͒ corresponds to the in-plane symmetric stretch of the five OH bonds belonging to the same pentagonal plane. It could be seen from Fig. 2 that the predicted infrared spectra of the water heptamer C and D are very similar to those of the water hexamer cage and prism conformers, even if some frequencies are split as doublets. The spectra of the R5 conformer is very similar to those of the water hexamer book conformer due to the structural and topological similarity.
The OH vibrational frequency spectra measured by Brudermann et al. 7 indicated the possibility of two structural isomers based on the number of spectral peaks. In the experiment, seven spectral bands appear at 2950͑2͒, 3080͑5͒, 3310͑1͒, 3420͑2͒, 3560͑4͒, 3650͑1͒, and 3720͑1͒ cm Ϫ1 , which correspond to Ϫ757, Ϫ627, Ϫ397, Ϫ287, Ϫ147, Ϫ57, and 13 cm Ϫ1 in terms of frequency shifts relative to the average OH stretching frequencies of the water monomer. The numbers within parentheses indicate the splitting pattern of each band. Based on the EMP potential, the authors assigned the spectra as a mixture of C and D. Our B3LYP/6-311ϩϩG** calculated spectra of the mixture of C and D conformers ͑Fig. 2͒ show the shifts at Ϫ745, Ϫ487, Ϫ364, Ϫ332, Ϫ171, Ϫ83, and 15 cm
. These numbers are in good agreement with the experimental value except the second band. It is less redshifted in comparison with the experimental results. This may be due to inadequate parametrization of exchange-correlation functional of B3LYP for describing ''dda'' type of water OH vibrational frequency. For the same normal mode, the EMP predicted frequencies 7 are more redshifted (ϳ150 cm
͒ with respect to the B3LYP predicted results. The calculated intensities also agree with the experiment.
IV. CONCLUDING REMARKS
Several low energy water heptamer clusters were studied using ab initio calculations. The analytical potentials at the Monte Carlo level were used to locate the low energy clusters and it indicated the three-dimensional cagelike structure C ͑Fig. 1͒ to be the global minima. The HF/6-311ϩϩG** and B3LYP/6-311ϩϩG** calculations with and without BSSEC also indicated the lowest energy structure to be the cagelike structure C and it is closely followed in energy by the structure D. Similar conclusions were achieved by MP2//HF and MP2//B3LYP energy calculations. The zeropoint energy correction on the energy values of the clusters also substantiate the fact. The results were further confirmed by MP2/TZ2Pϩϩ optimization of the low energy clusters. The Gibbs free energy calculations using HF and B3LYP frequencies have shown that the structures C and D ͑Fig. 1͒ are stable up to 100 K. Above 150 K, the entropic effect gives stabilization to the ring structure R5, which is otherwise not so stable at lower temperature. The vibrational spectra of the several low-energy structures of this heptamer cluster have been discussed together with its hexameric and octameric analogs.
